
Saudi Pharmaceutical Journal 30 (2022) 454–461
Contents lists available at ScienceDirect

Saudi Pharmaceutical Journal

journal homepage: www.sciencedirect .com
Original article
Formulation and characterization of tobramycin-chitosan nanoparticles
coated with zinc oxide nanoparticles
https://doi.org/10.1016/j.jsps.2022.01.016
1319-0164/� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: nknemrawi@just.edu.jo (N.K. Al-nemrawi).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Nusaiba.K. Al-nemrawi a,⇑, Rami Q. Alkhatib b, Hadeel Ayyad c, Nid’’A Alshraiedeh a

aDepartment of Pharmaceutical Technology, Faculty of Pharmacy, Jordan University of Science and Technology, Jordan
bDepartment of Biotechnology and Genetic Engineering, Faculty of Science and Art, Jordan University of Science and Technology, Jordan
cDepartment of Applied Biological Sciences, Faculty of Science and Art, Jordan University of Science and Technology, Jordan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 21 October 2021
Accepted 20 January 2022
Available online 31 January 2022

Keywords:
Tobramycin
Nanoparticles
Ionic gelation
TPP
Zinc oxide
Bacterial resistance
Herein we describe the preparation, characterization and the antibacterial effect of Tobramycin-chitosan
nanoparticles (TOB-CS NPs) coated with zinc oxide nanoparticles (ZnO NPs). Four formulations of TOB-CS
NPs (A-D) were prepared to study the effect of experimental variables on the NPs behavior. Two formu-
lations of ZnO NPs were prepared using the solvothermal and the precipitation methods (ZnO1 and ZnO2),
and then characterized. TOB-CS NPs (Formula d) was coated with the ZnO1. Moreover, the antibacterial
activity of TOB-CS NPs, ZnO NPs and the coated nanoparticles against S. aureus and E. coli was examined.
Changing the variables in preparing TOB-CS NPs resulting in variabilities in sizes (297.6–1116.3 nm),
charges (+8.29–+39.00 mV), entrapment (51.95–90.60%). Further, TOB release was sustained over four
days. ZnO NPs have sizes of 47.44 and 394.4 nm and charges of �62.3 and 89.4 mV when prepared by
solvothermal and precipitation technique, respectively. Coated TOB-CS NPs had a size of 342 nm, a charge
of +4.39 and released 100 mg/ mL of the drug after four days. The antimicrobial activity of TOB-CS NPs was
lower than free TOB against S. aureus and E. coli. The coated NPs showed higher antimicrobial effect in
comparison to formula D and ZnO1. In conclusion, coating TOB-CS NPs with ZnO NPs exhibited a great
antibacterial effect that may be sustained for days.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the last decades, the resistance to known antibiotics quickly
developed and become one of the major public health concerns
(Lister et al., 2009). Even though, old antimicrobial agents saved
many lives in the last century, new strategies are required to over-
come the emerging bacterial resistance. The development of novel
drug delivery systems is one of the promising approaches that is
under investigation to limit bacterial resistance (Medina and
Pieper, 2016; Kashi et al., 2012). Using new antibacterial agents
such as metal-based nanoparticles are also gaining attention to kill
resistance bacteria (Sondi and Salopek-Sondi, 2004).
Many polymers have been used to prepare nanoparticles that
are loaded with well-known or new antibiotics either to target bac-
terial cells or to control drugs’ release. Chitosan (CS) is one of the
mostly used polymers which is partially deacetylated chitin
derivative. It has a pKa around 6, which is related to the presence
of the amine groups, which give CS its exceptional properties
(Szymańska and Winnicka, 2015). Chitosan displays many attrac-
tive properties that allowed it to be the focus of medical and phar-
maceutical industry; its water soluble, biocompatible, non-toxic,
non-immunogenic and biodegradable (Kumari and Rath, 2014).
In the last decades, chitosan nanoparticles (CS NPs) have been pre-
pared and studied to be used in drug delivery (Grenha, 2012).

Many antibiotics have been loaded in CS NPs such as tetracy-
cline, gentamycin, ciprofloxacin, rifampicin, tobramycin (TOB)
and many others (El-Alfy et al., 2020; Khan et al., 2021; Scolari
et al., 2020). TOB has been loaded in CS NPs to control its release.
Other researchers loaded TOB in NPs that are decorated with CS
to get advantages of CS physicochemical properties (Al-Nemrawi
et al., 2018b). TOB is a broad spectrum aminoglycoside antibiotic
that is used to treat bacterial infections (Laxer et al., 1975). It works
either by blocking protein synthesis from the ribosomes, or by
causing damage in the bacterial membrane (Davis, 1987).
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Using new pharmaceutical entities have been used to solve or
limit bacterial resistance. These entities include prodrugs, pep-
tides, proteins, natural materials and nanoparticles(Sekhri, n.d.; S.
Moore et al., 2017). Many metallic nanoparticles showed great
activity against several bacterial species with multi drug-
resistance. For example, copper oxide, zinc oxide, ferric oxide and
silver nanoparticles inhibited different bacterial strains. Zinc oxide
nanoparticles (ZnO NPs) have the largest antibacterial activity
among all studied metals (Azam et al., 2012; Sanpui et al., 2008).
The exact mechanisms of ZnO NPs as antimicrobial is not known,
but two mechanisms were suggested to explain this effect. The first
one involves the production of reactive oxygen species (ROS),
which results in oxidative stress that damages the bacterial mem-
brane. The second mechanism implies mechanical damage of the
microorganism cellular wall, where ZnO NPs damage the bacterial
cell wall. This is usually followed by the accumulation of ZnO NPs
in the cell inhibiting some bacterial metabolic activities (Janaki
et al., 2015; Motelica et al., 2020).

ZnO NPs ranging from 50 to 500 nm were found to be effective
against several types of bacteria. It also has been widely used as an
anti-inflammatory agent by inhibiting some cytokines (Siddiqi
et al., 2018). ZnO NPs are synthesized by different methods, includ-
ing precipitation, hydrothermal, solvothermal, and microemulsion
method (Kumar et al., 2013).

Herein, chitosan nanoparticles were used to load TOB (TOB-CS
NPs) in order to control its release. Then, these nanoparticles were
coated with ZnO NPs to enhance their antibacterial effect. The
combination of two or more antimicrobial agents is one of the old-
est protocols that is used to enhance the antimicrobial effect. The
combination of CS and ZnO NPs have been employed in the food
and textile industry long time ago to kill bacteria (AbdElhady,
2012; La et al., 2021; Yadav et al., 2021). Recently, researchers start
to think of using this combination as a medication (Gutha et al.,
2017; Yusof et al., 2019).

In this study, CS NPs loaded with TOB were prepared and char-
acterized. The effect of the formulation parameters was assessed,
and the antimicrobial efficacy of the best formulation was exam-
ined in vitro. In addition, ZnO NPs were prepared by different
methods and characterized, and their antimicrobial efficacy was
assessed in vitro. Finally, the best formulation of TOB-CS NPs was
coated with the best formulation of ZnO NPs and characterized,
and its antimicrobial activity was examined. This study aimed to
elaborate the effect of loading TOB in CS NPS on its release and
its antibacterial activity. Moreover, coating these NPs with ZnO
NPs was invistigated.
2. Materials and methods

2.1. Materials

TOB was purchased from Acros Organics (New Jersy, USA), low
molecular weight chitosan (50 kD, 90% DDA), 2,4-
dinitrofluorobenzene, zinc nitrate and ammonium carbonate were
purchased from Sigma Aldrich (Reykjavik, Iceland). Tripolyphos-
phate was purchased from AZ chem (Oragine,China). All other
chemicals and reagents used in this study were of analytical grade.
2.2. Synthesis of tobramycin-chitosan nanoparticles

Amodified ionic gelation method developed in our lab was used
to prepare four tobramycin-chitosan nanoparticles (TOB-CS NPs)
(Al-Nemrawi et al., 2018a). An aqueous solution, referred to as
Phase 1, was prepared by dissolving CS and TOB in 40 mL of a
0.2% acetic acid solution. The solution pH was adjusted to
5.0 ± 0.05 using sodium hydroxide and the solution was stirred
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overnight. Then, filtered through a 0.45 mm syringe filter (Next
Advance, USA), and heated to 60 �C in a water bath for 10 min.

In a different beaker, the second phase, referred to as Phase 2,
was prepared by dissolving TPP in 20 mL of HPLC water. Then,
the solution was filtered through a 0.45 mm syringe filter and
cooled to �4�C.

Phase 2 was added to the heated Phase 1 dropwise at a rate of
1 mL/min under continuous stirring at 700 rpm. The resulting dis-
persion stirred and then centrifuged at 10,000 rpm for 30 min.
Then, the nanoparticles were washed twice with distilled water.
Finally, the sample was freeze-dried for 24 h at �80 �C to obtain
the nanoparticles.

Formula A and B were prepared to get the weight ratios of 1:2:2
and 1:5:5 of Chitosan: TOB: TPP, respectively. Formula C and D
were prepared using the same procedure used to prepare Formula
A and B, except that TOB was added to Phase 2 rather than to Phase
1. The weight ratio of Chitosan: TOB: TPP of formula C and D were
1:2:2 and 1:5:5, respectively. All powdered samples were kept in a
tightly closed containers for future studies. Table 1 shows the com-
ponents of each formulation in each phase.
2.3. Characterization of tobramycin-chitosan nanoparticles

The mean particles size (PS), the polydispersity index (PDI) and
the zeta potential (ZP) of the NPs were determined using a Zeta-
sizer nano ZS90 instrument (Malvern Instruments, Malvern, UK)
at 25℃ using dynamic light scattering (DLS) in triplicate. The zeta
potentials were determined by placing samples after dispersing
them in distilled water at 25 ◦C in disposable zeta cells. The elec-
trophoretic mobility between the electrodes was converted to a
zeta potential, depending on the Smoluchowski equation. All mea-
surements were performed in triplicate.

The morphologies of TOB-CS NPs were investigated using Scan-
ning Electron Microscopy (SEM) (Thermo scientific, Darmstadt,
Germany). The samples were coated with a golden film before
analysis.

The Fourier-transform infrared (FTIR) spectrum of CS, TOB and
TOB-CS NPs were compared using Shimadzu FTIR instrument
(Kyoto, Japan) with a high-performance diamond single-bounce
ATR accessory. The samples were studied in the range 400–
4000 cm -1, with a resolution of 4 cm and were scanned 64 scans
per spectrum.
2.4. Drug entrapment efficiency

In preparing the NPs, the supernatant was collected and used to
detect the amount of free TOB. Then, the encapsulated amount of
TOB was calculated by subtracting the free amount of TOB from
the total amount used. The drug entrapment efficiency (EE) was
found by measuring the free amount of TOB that was not
entrapped in the NPs in relation to the total amount of TOB used
in the preparation. The EE was measured as follow:

EE ¼ Total tobramycin� Free tobramycin
Total tobramycin

� 100%

TOB concentration was measured using HPLC-UV method
described by Russ et al with minor modifications (Russ et al.,
1998). The samples were pre-column derivatized by 2,4-
Dinitroflurobenzene reagent and Tris (hydroxymethyl) amino-
methane reagent. C18 column (5 mm, 4.6 � 250 mm) was used sep-
arate the samples at 25℃, and the kmax was set at 365 nm. To
prepare the mobile phase, 2.0 g of tris (hydroxymethy1) amino-
methane were dissolved in 800 mL of water, and 20 mL of 1 N sul-
furic acid was added. Then, 1200 mL of acetonitrile was added to
complete the volume to 2 L. The flow rate was set at 1.0 mL/min.



Table 1
The amounts of each ingredient used in preparing the four formulations of TOB-CS NPs (A, B, C & D) in each phase.

Formulations

A B C D

Phase 1 (40 mL) CS 20 mg CS 20 mg CS 20 mg CS 20 mg
TOB 40 mg TOB 100 mg

Phase 2 (20 mL) TPP 40 mg TPP 100 mg TPP 40 mg TPP 100 mg
TOB 40 mg TOB 100 mg
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2.5. In vitro drug release

TOB release from chitosan nanoparticles was investigated
in vitro. TOB-CS NPs equivalent to 3 mg of TOB from each formula
were redispersed in 3 mL of phosphate buffer saline (PBS) solution
(pH = 7.4 ± 0.05) and placed in a dialysis bag with a molecular cut-
off �12–14 KDa. Then the bags were tied, placed in a beaker, and
soaked in 12 mL of PBS solution. The beakers were kept in a water
bath (Daihan Scientific, Korea) with continuous agitation at
100 rpm at 37 �C. At certain time points, 1 mL of the dissolution
medium was withdrawn and replaced with 1 mL of fresh PBS solu-
tion. The amount of TOB released into the dissolution medium was
measured by the HPLC-UV method mentioned previously. All mea-
surements were performed in triplicate and the percentage of TOB
released was plotted against time.

2.6. Synthesis of zinc oxide nanoparticles

ZnO NPs were prepared by two methods: The precipitation
method (ZnO2) and the solvothermal technique (ZnO1). In the pre-
cipitation method, zinc nitrate was first dissolved in deionized
water and added to ammonium carbonate solution in a volume
ratio of 1.5:1 to interact and give ZnO NPs that precipitate. After
that, the precipitate was purified by washing with deionized water
and heated for six hours in an oven at 90 �C. The obtained powder
was kept in the furnace at 500 �C for four hours. Finally, the parti-
cles were freeze dried and the powdered sample was kept in a
tightly closed container for future studies.

In the solvothermal technique, ethanolic solution of NAOH was
dropped into another ethanolic solution of zinc acetate that was
kept at 70 �C in water path. The mixture was kept at 70 �C for 1
hr, and then, the mixture was centrifuged for 3 min at 2500 rpm.
The precipitate was washed by ethanol and centrifuged again at
2500 rpm several times. Finally, the particles were freeze-dried
and the powdered sample was kept in a tightly closed container
for future studies.

2.7. Characterization of zinc oxide nanoparticles

Both FTIR and zeta sizer were used to identify and characterize
ZnO NPs under the same conditions mentioned previously in char-
acterizing CS NPs. X-ray diffractometer (Rigaku, Ultima IV) (XRD)
was used to characterize ZnO NPs with a diffraction angle of 2h,
ranging from 10 to 80�. Powdered ZnO NPs were dispersed on
the quartz sample holder and placed on goniometer to record the
diffraction pattern at all possible angle of diffraction using DTEX
detector with a scanning rate of 5� per minute.

2.8. Coating of TOB-CS NPs with ZnO NPs

The best TOB-CS NPs (Formula D) was coated with the best ZnO
NPs formulation. TOB-CS NPs were dispersed in 10 mL of 1% acetic
acid solution and stirred for 30 min. Then, ZnO NPs powder was
added, and the mixture was stirred for another 30 min. The disper-
sion was centrifuged 10,000 rpm for 30 min and washed several
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times with distilled water. The particles were freeze-dried and
the powdered sample was kept in tightly closed container for
future studies.
2.9. Characterization of the coated TOB-CS NPs

To characterize the coated NPs, the PS, PDI and ZP were mea-
sured. Further, the coated particles were examined using FTIR,
SEM and XRD and compared to TOB-CS NPs and ZnO NPs. Finally,
the in vitro drug release from the coated particles was explored
and compared to TOB releases from TOB-CS NPs.
2.10. Antimicrobial activity test

Two-fold broth dilution method was used to determine the
minimum inhibitory concentration (MIC) of TOB, TOB-CS NPs,
ZnO NPs and the coated TOB-CS NPs. The samples were studied
against Escherichia coli (ATCC 25922) as a gram negative bacteria
and Staphyloccocus aureus (ATCC 29215) as a gram positive bacte-
ria. Each bacterial strain was grown on Muller Hinton agar over-
night at 37 �C. The following day, each type of bacteria was
suspended in Muller Hinton broth (MHB), and adjusted to have
an optical density (OD600) of 2x107 and 1x105cfu/mL for E. coli
and S. aureus, respectively. Solutions of each sample were prepared
in sterile MHB. Then, 100 mL of the bacterial suspension was added
to all the wells and incubated at 37 �C for 24 h. A negative control
that consists of pure broth, and a positive control that consists of
broth and bacteria, were included in each plate. In addition, the fol-
lowing concentrations were used to determine the MIC (62.5, 125,
250, 500, 1000, and 2000 mg/ml). After the 24 hr of incubation, all
plates were read using ELISA reader. The MIC was determined as
the lowest concentration at which no growth was visually
observed in the inoculated wells. All plates were studied in
triplicates.
3. Results and discussion

3.1. Characterization of tobramycin-chitosan nanoparticles

The PS, PDI, ZP and EE of the NPs are summarized in Table 2.
Formula D exhibited the smallest size followed by formula B then
formula A and finally formula C. Even though the sizes of the par-
ticles are somehow large, they still can be considered. Polymeric
nanoparticle prepared using chitosan reaching 1000 nm were
reported previously to be used to load antimicrobial drugs and to
control their release(Abruzzo et al., 2021; Al-Nemrawi et al.,
2018b; Nguyen et al., 2017). The PDI values of all formulations
indicate monodispersity of the samples with the best uniformity
for formula D followed by formula B then formula A and finally for-
mula C. From the results, we can notice that the amount of TPP
used affects the sizes of CS NPs, where the higher the concentra-
tions of TPP used in preparing CS NPs results in larger NPs
(Jonassen et al., 2012). In this study, formula D showed the small-
est size and the best uniformity. Moreover, the size of the particles



Table 2
The size PDI, zeta potential and EE values of TOB-CS NPs.

Formulation Size (nm) PDI Zeta potential (mV) EE (%)

A 826.80 ± 48.99 0.570 ± 0.058 +28.20 ± 1.76 51.95 ± 1.21
B 690.90 ± 26.60 0.355 ± 0.078 +39.00 ± 2.93 90.60 ± 2.48
C 1116.30 ± 260.60 0.711 ± 0.124 +8.29 ± 0.36 87.43 ± 2.07
D 297.60 ± 3.67 0.249 ± 0.014 +13.10 ± 0.36 58.76 ± 1.30
ZnO1 47.44 ± 1.93 0.533 ± 0.036 �62.30 ± 0.44 NA
ZnO2 394.40 ± 6.41 0.600 ± 0.061 �89.40 ± 1.41 NA
Coated TOB-CS NPs 324.07 ± 23.60 0.613 ± 0.086 +4.39 ± 1.22 56.76 ± 1.64
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of formula D is lower than the sizes of TOB-CS NPs prepared by
other investigators (Vaezifar et al., 2013).

All NPs carried positive charges, which can be explained by the
free amine groups of chitosan that get protonated in water. Differ-
ences in the surface charges between the formulas may be related
to the extent of crosslinking between the negatively charged TPP
with the positive amino groups of chitosan (Al-Nemrawi et al.,
2018a).

In this study, the EE of TOB in all formulations was very high
and more than 50%. The EE varied between the four formulations,
but had higher values in comparison to nanoparticles prepared
using the same method by other researchers (Sobhani et al.,
2017). The morphology of TOB-CS NPs was investigated. All formu-
las showed spherical NPs as represented in Fig. 1.

The FTIR spectrums of TOB, CS and TOB-CS NPs. TOB spectrum
shows two sharp peaks at 1345 cm�1 and 1583 cm�1 related NH
bending (Fig. 2). Another one broad band is seen around
3000 cm�1, which is related to the OH and NH groups. Peaks in
the same range were reported by other researchers (Junejo et al.,
2019).

The spectrum of chitosan showed a characteristic broad band at
3447 cm�1 related to NH2 and OH groups stretching. The band at
2880 cm�1 corresponds to CH stretching vibration of CH2 groups.
Also, the peak at 1654 cm�1 corresponds to the NH2 group bending
vibrations. Further, a band corresponding to NH2 stretching at
1064 cm�1 was noticed (Nguyen et al., 2020 ; Lawrie et al.,
2007). The spectrum of TOB-CS NPs is different from those of CS
and TOB. Many peaks appeared, disappeared, or shifted, which
prove the interaction between TOB and CS in the nanoparticles. A
new peak in the spectrum of the NPs appears at 2124 cm�1 that
is related to intermolecular OH stretching(‘‘IR Spectrum Table,” n.
d.). Further, the peak at 1591 cm�1 in the spectrum of TOB disap-
peared. Additionally, the two peaks at 1345 cm�1 and 1583 cm�1

in the spectrum of TOB are shifted to lower values. Moreover, the
Fig. 1. Scanning electron microg
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band at 2880 cm�1 and 1654 cm�1 that appeared in CS’s spectrum
disappeared. The bands at 1064 cm�1 in CS’s spectrum and at 1018
in TOB’s spectrum become weak in the nanoparticles’ spectrum.
3.2. In vitro drug release

TOB release from the four formulations was determined over
4 days. There was no release of the drug from formulas A and B
after 4 days. In both formulations, TPP and TOB were added to
the same phase. This may result in a strong ionic interaction
between the positively charged TOB and the negatively charged
TPP, which prevent the drug release. On the other hand, TOB was
added to the phase that contain CS (both are positively charged),
which may be limited TOB interaction with TPP and allow the drug
release during the release study. Because of this withholding
behavior of the drug, formulations A and B were excluded from
the study and were not considered further.

The release from formulas C and D showed two phases release
profile (Fig. 3). The drug release showed two stages: an initial burst
stage followed by a sustained drug release stage. Such behavior
was noticed in other chitosan nanoparticles, where the initial rapid
drug release was explained by the residuals of the drug adsorbed to
the surface of chitosan nanoparticles (Al-Nemrawi and Dave,
2016). The sustained release of TOB can be attributed to the diffu-
sion of TOB through the chitosan NPs. Formula D showed faster
release of the drug in comparison to formula C, which may be
related to the lower particle size and lower PDI of formula D. The
smaller the NPs size, the larger is the surface-to-volume ratio,
which will cause large amount of the drug to be located near the
surface, leading to a faster drug release at the beginning (Rizvi
and Saleh, 2018). Because of its better physicochemical properties
and release behavior, Formula D was chosen to be coated with ZnO
NPs.
raph images of TOB-CS NPs.



Fig. 2. FT-IR spectrum of tobramycin (TOB), chitosan (CS) and TOB-CS NPs (formula D).

Fig. 3. Cumulative release profiles of TOB loaded in CS NPs in phosphate buffered
saline (pH = 7.4) at 37 �C.

Nusaiba.K. Al-nemrawi, R.Q. Alkhatib, H. Ayyad et al. Saudi Pharmaceutical Journal 30 (2022) 454–461
3.3. Characterization of zinc oxide nanoparticles

The PS of the ZnO NPs prepared in this work are summarized in
Table 1. The particles prepared by solvothermal method showed
smaller sizes in comparison to the particles prepared by the precip-
itation method. The charges of all ZnO NPs are negative regardless
the method of preparation. The low PDI of ZnO NPs indicates
acceptable monodispersity of both preparations. When analyzed
by XRD, ZnO NPs showed crystalline structures as shown in
Fig. 4. The peaks at 2h = 31.5, 34.18, 36, 56.28, and 62.6� that can
be seen in Fig. 4 were reported previously as the characteristic
peaks of hexagonal lattice structure of ZnO NPs (Mohan and
Renjanadevi, 2016). The FTIR spectra of ZnO NPs showed peaks
near 512 cm�1 and 550 cm�1 and a peak at 457 cm�1, which indi-
458
cate the formation of ZnO NPs. Finally, because of their lower sizes
and charges, ZnO1 NPs were chosen to be used to coat TOB-CS NPs.
3.4. Characterization of the coated TOB-CS NPs

In this work, the best formulation of TOB-CS NPs (Formula D)
was coated with the best formulation of ZnO NPs (ZnO1). TOB-CS
NPs and ZnO NPs were dispersed in acetic acid solution to allow
the interaction between them as described previously by other
researchers (Al-Naamani et al., 2016; Bharathi et al., 2019). The
resulted system showed higher size, higher PDI and lower ZP in
comparison to the uncoated TOB-CS NPs as summarized in Table 2.
The higher PS could be related to the accumulation of ZnO NPs on
the surface of TOB-CS NPs, but it seems that this accumulation was
not regular, which was reflected by the PDI values. The lower val-
ues of ZP may be a result of the ionic interaction between the pos-
itively charged TOB-CS NPs and the negatively charged ZnO NPs.

The coated TOB-CS NPs were examined using FTIR and XRD and
compared to TOB-CS NPs and ZnO NPs. FTIR spectra are shown in
Fig. 5. The figure shows that ZnO NPs have a peak at 3124 cm�1

corresponds to the OH stretching vibration of H2O and a peak at
1645 cm�1 may be related to the OH bending vibration. Also, the
peak at 1400 cm�1 may be related to the H–O–H bending vibration
or the absorbed CO2 bands. Finally, the band in the range of 530–
420 cm�1 refers to the stretching mode of ZnO (Nguyen et al.,
2020; Raja et al., 2014).

Compared to the spectrums of TOB-CS NPs, new bands from 509
to 412 cm�1 referring to the ZnO NPs stretching appears in the
spectrum of coated nanoparticles. Additionally, the peak in chi-
tosan at 3124 cm�1 that is related to the OH stretching is broader
and shifted to 3115 cm�1 in the coated nanoparticles. This indi-
cates the strong intermolecular hydrogen bonding interaction
between that ZnO NPs and TOB-CS NPs (‘‘Infrared Spectroscopy
Absorption Table,” 2014).

The XRD spectrum of the physical mixture is shown in Fig. 5. CS
showed two peaks at 11 and 20�. The coated NPs showed the char-
acteristic peaks of ZnO NPs, as well as the two peaks of TOB-CS NPs.



Fig. 4. XRD spectrum of TOB-CS NPs (formula D), ZnO1 and the coated nanoparticles.

Fig. 5. FT-IR spectrum of TOB-CS NPs (formula D), ZnO1 and the coated nanoparticles.
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3.5. Antimicrobial activity testing

The antibacterial activity of TOB, TOB-CS NPs (formula D), ZnO
NPs, and the coated TOB-CS NPs were tested against E. coli and S.
aureus. The results are shown in Table 3 and Table 4, respectively.
Our results showed that TOB had antibacterial activity against the
two strains of bacteria, with the highest effect against E. coli fol-
lowed by S. aureus. Based on the literature, the MIC value for pure
Table 3
The antibacterial activity of TOB, TOB-Cs NPs, ZnO NPs and the physical mixture of TOB-C

Microorganism MIC (mg/mL)

TOB TOB-CS

S. aureus 3.90 ± 0.04 15.60 ± 0.09
E. coli 1.95 ± 0.03 11.30 ± 0.12
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TOB against E. coli (ATCC 25922) was around 1.42 mg/mL. However,
there is no MIC data found on S. aureus (ATCC 29215), meanwhile
the MIC value for S. aureus (ATCC 25923) was 0.20 mg/mL (Shadomy
and Kirchoff, 1972). In this current study, MIC values for TOB
against E. coli and S. aureus were 1.95 and 3.9 mg/mL, respectively.
When TOB was loaded into chitosan nanoparticles, the MIC values
increased (Table 3). Even though, the amount of TOB loaded in
TOB-CS NPs and the amount of pure TOB tested are equivalent,
S NPs/ZnO NPs.

ZnO NPs Coated TOB-CS NPs

50.00 ± 3.01 10.70 ± 0.08
100.00 ± 3.40 8.40 ± 0.11



Table 4
The minimum inhibitory concentration (MIC) of ZNO NPs for E. coli and S. aureus. (+) indicates killing activity, meanwhile (-) indicates no killing activity has been seen and
bacteria were able to grow.

Microorganism ZNO NPs Conc. (mg/mL)

2000 1000 500 250 125 62.5

E. Coli + + – – – –
S. aureus + + + – – –
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the gradual release of TOB from the nanoparticles may explain
lower antimicrobial activity of the nanoparticles (Al-Nemrawi
et al., 2018b; Cheow et al., 2010). It is worth to mention that CS,
as a part of TOB-CS NPs, was reported to have antimicrobial activ-
ity by itself (Radulescu et al., 2015).

ZnO NPs had low activity against E. coli and S. aureus with MIC
values of 100 and 50 mg/mL, respectively (Table 3). The higher sen-
sitivity of gram-negative than gram-positive bacteria toward ZnO
NPs may be related to the bacterial cell wall structure. The outer
membrane of gram-positive bacteria is composed of structural
lipopolysaccharides that make the cell wall impermeable and more
resistance to foreign substances including antibacterial agents
(Beveridge, 1999; Lüderitz et al., 1982).

The detailed activity of ZnO NPs against E. coli and S. aureus is
shown in Table 4. In literature, the MIC values of ZnO NPs against
S. aureus highly varied from 4 to 3000 mg/mL, but in general it was
very low in comparison to that of TOB-CS NPs. The same low and
variable MIC values were reported for ZnO NPs against E. coli. These
MIC values ranged between 30 and 2500 mg/mL (Azizi-Lalabadi
et al., 2019; Nazoori and Kariminik, 2018). This huge variability
in ZnO NPs antibacterial activity may be related to the method of
its preparation, as well as its characteristics. It was reported that
ZnO NPs in the size range of 50–500 nm had a bactericidal effect
on different bacterial strains (Siddiqi et al., 2018). Other research-
ers demonstrated that there is a size-dependent antibacterial effect
of ZnO NPs (Raghupathi et al., 2011).

Finally, the MIC values of coated TOB-CS NPs was less than that
of uncoated NPs. Therefore, we can conclude that coating TOB-CS
NPs with ZnO NPs may enhance their antimicrobial activity. The
combination of ZnO NPs and TOB was reported to enhance the
antimicrobial effect of both agents (Khan et al., 2021). Therefore,
it is expected that coating nanoparticles, loaded with TOB, with
ZnO NPs to have similar effect. As we mentioned, ZnO NPs generate
oxidative stress in the cellular microbiome that ultimately damage
the cell membrane proteins and DNA, leading to cell death (Azam
et al., 2012; Siddiqi et al., 2018). On the other hand, TOB that is
released from TOB-CS NPs functions by binding to the bacterial
30S and 50S ribosome and prevents the formation of the 70S com-
plex. This prevents mRNA translation into proteins, and conse-
quently lead to cell death (Laxer et al., 1975). Because of these
different modes of action, the coated nanoparticles showed better
antimicrobial efficacy than ZNO NPs and TOB-CS NPs.
4. Conclusion

In conclusion, TOB-CS NPs with an entrapment efficacy reaching
90% with small sizes, monodispersed and positively charged were
prepared successfully. The experimental conditions and the
amounts of the materials affect the nanoparticles properties and
the drug release from them. In addition, TOB-CS NPs was found
to be effective against both E. coli and S. aureus. ZnO NPs were suc-
cessfully prepared by both solvothermal and precipitation method.
The NPs prepared by the solvothermal technique have lower sizes
and charges in comparison to those prepared by the precipitation
technique. ZnO NPs showed antimicrobial activity against both
E. coli and S. aureus. Coating TOB-CS NPs with ZnO NPs enlarged
460
the particles’ size and lower their charges. Further, it slower the
drug release and enhances the antimicrobial activity against the
studied species. Finally, we can conclude that loading TOB in CS
NPs and coating them with ZnO NPs may enhance the antibacterial
activity and control it over along time.
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